The ROSAT data from the cluster gas of Cygnus A are re-examined in light of a three-dimensional hydrodynamic simulation of a supersonic jet propagating in an isothermal King atmosphere designed to follow the observed density distribution of the Cygnus A cluster gas. In addition to the presence of a non-uniform atmosphere, this simulation departs from previous 3D work in that the X-ray (bremsstrahlung) brightness distribution has been determined from the flow variables as a function of time. This simulation provides compelling evidence for the conclusions reached by Carilli et al. who stated that the major features of the X-ray brightness distribution are manifestations of the expanding lobe and the passage of a bow shock within the atmosphere. Further, this work demonstrates that these X-ray features are as much a function of the observing frequency and bandwidth as they are of the local conditions in the cluster gas of Cygnus A. In addition, new estimates of the Mach number of the jet (M~4) as well as the density and temperature jumps across the bow shock are derived by comparing the simulations with the X-ray data from Cygnus A.
INTRODUCTION
Models for the hydrodynamic modification of the intercluster medium (ICM) by a supersonically expanding radio source were first presented by Blandford & Rees (1974) and Scheuer (1974) in the context of jet theory for powering the double radio emitting structures in extragalactic radio sources. These analytic models were followed by 2D numerical work (for example, Norman et al. 1982 , Norman, Smarr & Winkler 1985 , Clarke, Norman & Burns 1986 , Lind et al. 1989 and Loken et al. 1992 and, with the advent of large-memory supercomputers, 3D numerical work (Balsara & Norman 1992; Clarke 1993; Hardee & Clarke 1992 , 1995 . The 'standard model' emerging from these works is one in which expansion of the radio emitting structures is driven by the ram pressure of the jet and confined by the ram pressure of the ICM. At the jet ROSAT High Resolution Imager (HRI), with its improved sensitivity over previous X-ray telescopes, has precipitated a critical examination of the standard model and in particular, the interaction between an expanding radio source and the ICM. Carilli, Perley & Harris (1994; hereafter CPH) have recently presented ROSAT HRI observations of Cygnus ~ designed to search for signatures of the hydr?dyn~c modification of the cluster gas by the expandmg radIO source. They demonstrate that the X-ray surface brightness distribution in the vicinity of the radio source has been altered and in particular, find X-ray 'cavities' (relative to emission from the smoothed atmosphere) coincident with the coreward halves of the radio lobes and X-ray excesses coincident with the lobe edges. CPH interpret these features as evidence for the exclusion of thermal gas from the radio lobes, and emission from the displaced gas, respectively. While generally support.ing the ba~ic}et mod~l for powerful radio sources, the physIcal analysIs m CPH IS necessarily limited and mostly qualitative since the expected X-ray surface brightness in the context of the 'standard model' is a rather complex function of the temperature and density in the unperturbed ICM and the shocked ICM, and of the energy response of the X-ray telescope. The principal difficulties are in estimating the strength of the bow shock, the width of the shocked sheath in the vicinity of the tails of the radio lobes, and the variation of density and temperature along the line of sight.
. The problem of predicting the X-ray surface bnghtness for a cluster with an embedded radio source may be addressed by numerical simulations. Since the X-ray emissivity is a direct function of two hydrodynamic flow variables (namely density and temperature), it is a relatively straightforward task to compute the expected X-ray surface brightness from a 30 hydro dynamical simulation of a powerful radio source in a dense cluster. Herein, the results from such a computation (including a dynamically weak magnetic field) are presented. Emphasis is placed on predicting modifications to the X-ray surface brightness by the expansion of the radio source. Physically reasonable parameters for the cluster gas profile and for the radio jet are adopted, and the results are directly compared with a new ROSATHRI image of Cygnus A including very recent additional observations. The relative role of local physical conditions to Cygnus A and the observing frequency!bandwidth is also discussed.
THE SIMULATION

Numerical methods
The simulation was performed using the 30 magnetohydrodynamic (MHO) code ZEUS-3D! as described in Clarke (1996a) . This code uses recent innovations to maintain th.e stability and integrity of magnetic fields of any strength. It IS an operator-split finite difference Eulerian scheme in which the multidimensional computations are performed using a combination of directional-split and planar-split steps. Interpolations are performed using the second-order upwinded, time-centred scheme desc~ib~d ~y v~n Leer (1977) . A von Neumann-Richtmyer artIficIal VISCOSIty (e.g., Richtmyer & Morton 1967 ) is used to stabilize shocks, which are typically resolved with three or four zones. The code has been extensively tested with test suites described in Clarke (1996a) and references therein.
. The flow variables tracked during an MHO computabon are the density, thermal energy density, three components of velocity and three components of the magnetic field. Visualizing these variables presents a challenge in and of itself, and the two methods used here are 20 slices (e.g., Fig.  2) , and line-of-sight integrations (e.g., Fig. 3 ) throug.h the data cube. The 20 slices are typically of the flow vanables themselves (e.g., Fig. 2 depicts the density), but the line-ofsight integrations can depict interesting combinations of t~e variables such as the bremsstrahlung and synchrotron emISsions (e.g., Fig. 3 ).
For this simulation, the thermal bremsstrahlung brightness Ix is derived by integrating the emi~sivity [sxocn; (kT)-!/2 e-hvlkT, e.g., Tucker 1975] along the lme of sight and over the effective sensitivity range of the ROSAT HRI, approximated here by a top-hat profile between 2.2 x 10 17 and 4.1 x 10 17 Hz, corresponding to photon energies of 0.9 and 1.7 keV respectively (CPH). The low~r limit approximates the absorption cut-off of the GalactIc medium (nH=3 x 10 25 m-2 ) while the upper cut-off r~pre sents the declining effective area of the ROSAT mIrror. Thus,
Ixocf n;(kT)!12(e-O.9IkT _e-1.7IkT) ds
where n is the number density of electrons (taken as proportion;l to the fluid density). Any con~enient p.rescription for scaling the variables may be used; m equatIOn (1) the quantity kT is scaled in units of keV.
. Although the simulation was performed assummg .the lobes are dominated by hot, thermal matter, the sahent results (Le., the modifications to the X-ray surface brightness) are quite insensitive to whether the lobes are com- posed of thermal or relativistic plasma. All that is important is that the material in the lobes should not contribute in any significant way to the X-ray emission along the line of sight. This criterion is clearly satisfied whether the lobes consist of hot rarefied thermal plasma or a relativistic gas.
Finally, the synchrotron emission is computed using standard expressions for synchrotron emissivity (e.g., Longair 1981) and then assuming the relativistic particle number and energy densities are proportional to the density and pressure of the thermal fluid respectively. This is done because the relativistic particles are not tracked as independent entities. Note that such a prescription will reproduce the qualitative behaviour of the particles reasonably well. For example, at shocks where the thermal pressure increases, the energy density of the relativistic particles is also expected to increase (e.g., Fermi acceleration), etc. Further details may be found in Clarke et al. (1989) .
Problem initialization
The simulation was initialized on a three-dimensional Cartesian grid with the I-axis (i.e., thex coordinate) aligned along the initial jet axis. The I-axis ranges from 0 to 50 rj (where rj is the initial jet radius) and is resolved with 125 uniform zones (0.4 rj per zone). Each transverse axis ranges from -25 rj to + 25 rj and is resolved with 110 zones the dimension of which varies smoothly from 0.2 rj on the jet axis to slightly more than 0.8 rj at a distance 25 rj from the jet axis. In this way, higher numerical resolution can be attained along the jet axis where internal jet structures (e.g., shocks) are more sensitive to the grid spacing (see Fig. 1 ).
Two points must be made clear at this time. First, by most standards, this is a rather under-resolved jet with only a quarter of the resolution of most previous 2D simulations (e.g., Norman & Hardee 1988) and half the resolution of some recent 3D simulations (e.g., Hardee & Clarke 1995) . Even so, this computation still required approximately 4 h of CPU and some 35 million words (280 Mbyte) of central memory on the Cray C-90 at the Pittsburgh Supercomputer Center. For the purpose of this work, the dynamics of the jet interior are not so critical, and only the displacement of the X-ray atmosphere by the inflating lobe is of concern here. For this, the resolution used in the simulation should be adequate.
Secondly, rj refers to the jet radius in the simulation and not to the jet in Cygnus A itself. As powerful as modern computers may be, it is still impractical to attempt a simulation in which the cocoon attains a radius of 20 rj or more. Thus, the distance scale of the simulation is ultimately determined by the length of the lobe in the final epoch rather than the radius of the jet itself. In this simulation, the lobe attains a length of -47 rj (nearly the entire grid), and thus one jet radius in the simulation corresponds to -1.5 arcsec (-1.5 kpc) in Cygnus A -roughly three times the observationally measured radius of the Cygnus A jet. Again, since discussion is limited to the inflation of the lobe within the X-ray atmosphere, this should be of little concern here. a) b) Figure 3 . (a) Line-of-sight integration of the X-ray bremsstrahlung emissivity at epoch t = 8. The dynamic range of the image (arbitrary units) is roughly 100 with bright X-ray regions depicted as white. The X-ray luminosity traces and atmosphere only -the density of the jet and lobe are too low to contribute significantly to the total brightness. Note the X-ray 'excesses' near the left-hand boundary wh~re lines of sight pass exclusively through shocked ambient material. Conversely, an X-ray 'cavity' is produced near the jet orifice. (b) Line-of-sight integration of the synchrotron emissivity at epoch t = 8. The dynamic range of the image is roughly 100 with bright regions depicted as white. The synchrotron emissivity traces the magnetized material confined to the jet and lobe.
Continuing with the details of the initialization, an isothermal (T=4.76 x 10 7 K, kT=4.1 keY) King atmosphere was established throughout the grid (e.g., Forman & Jones 1991) centred on the grid origin:
where no is the central density (at r=O) , a is the core radius, and f3 is the usual King model index (ratio of the mean velocity dispersion of the galaxies to the temperature of the gas, Gorenstein et al. 1978) . For the Cygnus A environment, CPH report best fitting values of no = (7.0 ± 2.0) x 10 4 m -3, a = 35 ± 5 arcsec, and f3 = 0.75 ± 0.25. These values for the central density and temperature lead to a central pressure of ~4.6 x 10-11 Pa and a sound speed of ~1.1 x 10 6 m S -1 throughout the atmosphere.
For the purpose of the calculation, the core radius a is taken to correspond to 22 rj from the grid origin. This is slightly less than half the extent of the grid in the I-direction, corresponding to the obsetvation that the core radius in the Cygnus A environment (35 arcsec) is about half the extent of the radio lobe. The density in the simulation is scaled to the obsetved central density. Thus, the initial density of the atmosphere at the grid origin is set to unity. Velocities are scaled to the sound speed in the unperturbed atmosphere, which is also set to unity. Thus, for a monatomic, non-relativistic gas (y = 5/3), the scaled central pressure is 0.6.
While providing a convenient fit, the isothermal King atmosphere is unphysical since it does not represent a system in hydrostatic equilibrium. The self-gravity from the matter distribution given by equation (2) does not balance the pressure gradients required by equation (2) and the ideal gas law for an isothermal gas. Thus, the atmosphere is artificially constrained to prevent it from expanding under its own pressure gradient before the jet has a chance to propagate through it. This is accomplished by imposing a 'pseudo-gravitational' potential «(b) designed to 'hold on to' the atmosphere without significantly impeding the advancing jet. In practice, the form of the Euler equation normally solved by ZEUS-3D (Clarke 1996a) is modified to read: (b=PK.
PK
Here,PK and PK are the thermal pressure and matter density in the unperturbed King atmosphere respectively. Since this ratio is proportional to the temperature, (b is initially uniform throughout the atmosphere. By design, the quantity p(b exactly cancels the initial pressure gradients in the King atmosphere and thus, assuming no initial magnetic field, the right-hand side of equation (3) is zero. However, since the jet density is substantially less than that of the atmosphere, Pj -Pj (b ' ;:::, Pi' and the pseudo-gravity has little effect on the jet dynamics. A Mach 6 jet (i.e., the ratio of initial jet flow speed and jet sound speed) is launched into the atmosphere through an orifice ten zones in diameter centred on the origin of the grid located on the left-hand boundary of the I-axis. The jet is given a density of 0.02 and is initially in pressure balance with the atmosphere at r=O. To break the azimuthal symmetry, the jet is wiggled at the orifice with a 2 per cent helical perturbation to the velocity. In addition, the jet transports a trace magnetic field so the synchrotron emissivity may be computed.
In the units defined in this subsection, a time intetval of 1 in the simulation corresponds to ~ 1.3 X 10 6 yr. The simulated jet reaches the end of the grid in a time t ~ 8.0, corresponding to an overall age of ~ 10 7 yr, which is consistent with ages usually assumed for FR II radio sources (10 7 _10 8 years, Alexander & Leahy 1987). lobe, and ambient medium at t = 8 in the units described in the previous subsection. Fig. 2 is a grey-scale image of density on a 2D slice that includes the jet axis. The features labelled in Fig. 1 can be seen clearly in this image. In particular, a bow shock separates the quiescent and shocked regions of the atmosphere, a contact discontinuity separates shocked atmosphere from shocked jet material filling the cocoon!lobe, and one or more 'jet-shocks' form the transition between the colder, collimated, supersonic jet to the hotter, chaotic, transonic cocoon. The 'walls' of the jet itself form, in essence, a contact discontinuity separating the jet and the cocoon. The inflation of the cocoon displaces ambient gas and the bow shock compresses it, thereby altering its X-ray emission.
Description of the calculation
While the jet is rarefied compared to the atmosphere, the density of the cocoon (filled with post-shock jet material) is more rarefied still. This may be counter-intuitive if one considers only the ID shock jump conditions (e.g., Landau & Lifshitz 1959) in which post-shock material is always compressed. In multidimensions, however, material is compressed immediately downstream of the shock only. Thereafter, the high-pressure gas expands until pressure balance with the immediate surroundings (i.e., the jet and shocked ambient) is approximately restored. In this calculation, the expansion results in a cocoon 60 per cent hotter and 25 per cent less dense than the supersonic jet (see Table  1 ). As a consequence, even if the jet transports thermal protons, neither it nor the cocoon will contribute significantly to the obsetved X-ray brightness. Conversely, the energy density of relativistic particles and magnetic field is significantly higher in the jet and cocoon than in the ambient medium. Thus, the jet and cocoon are synchrotronbright whereas the atmosphere is not. Fig. 3 illustrates these properties well. The bremsstrahlung image of Fig. 3( a) traces the atmosphere whereas the synchrotron image in Fig. 3(b) traces the jet and cocoon. Briefly, the synchrotron image shows a wealth of familiar structures, including filaments and a well-defined double hotspot, qualitatively similar to those found in the radio lobes of Cygnus A (Dreher, Carilli & Perley 1987 ). These features are described in Clarke (1996b) using a higher r~lution simulation, and will be discussed in greater detail in a future paper.
Because the atmosphere is confined to the computational grid, the X-ray brightness image in Fig. 3(a) is incompleteall the emission from the rest of the spherical distribution beyond the boundaries of the data cube is missing. To correct for this, Fig. 4 was generated by subtracting from Fig.  3(a) the emission of the initial atmosphere. The primary features in Fig. 4 include an emission 'cavity' in the middle of the widest part of the bow shock and two X-ray 'excesses' on either side of the cavity. The excesses are easy to understand. These are located along lines of sight which include mostly shocked (and compressed) ambient gas. In this calculation, the ambient gas in the vicinity of the X-ray excesses is approximately 1.6 times hotter and 2.2 times as dense as the unshocked ambient gas (Table 1) . Thus, equation (1) implies the X-ray emissivity in the shocked ambient medium should be 4.3 times greater than that of the unperturbed Figure 4 . Same as Fig. 3( a) , with the X-ray emissivity of the King atmosphere removed. In this representation, the X-ray excesses (white) and cavity (black) are particularly striking. In addition, the bow shock can be discerned. Note the residual X-ray brightness in much of the lobe interior is nearly zero, comparable to the unperturbed atmosphere. Fig. 6(j) . On the other hand, the origin of the X-ray cavity may not be so obvious. While the reduced line of sight through the X-ray emitting material surely drives the brightness down, the enhanced density in the shocked ambient will drive the brightness up, and where these two effects balance warrants some investigation.
Consider equation (1) in the following form:
where the function ff (kT) contains all the temperature dependence in equation (1). In the vicinity of the initial temperature (kTo=4.1 keY), ff (kT) is a slowly decreasing function of kTfor the observing frequency and bandwidth of the ROSAT HRI (Fig. 5) . Suppose now at the location of the X-ray cavity and excesses, the bow shock has expanded to a radius r from the jet axis and at this same location let the thickness of the shocked ambient medium (i.e., distance between the bow shock and contact discontinuity) be t1r. Let ne and n; be the average electron density in the original atmosphere (within radius r) and in the shocked atmosphere (within the shell t1r) respectively. Let T and T' be the corresponding temperatures. Note that ne <n; and T < T' . Then, estimates of the X-ray brightness before (Ix) and after (f;) the inflation of the lobe are (5) Note the different path lengths (r and t1r) used. Now, conservation of mass requires
In addition, for kT=4.1 keY (initial temperature of the isothermal King atmosphere) and kT' =7.5 keY (typical temperature in the shocked atmosphere in the simulation see 
10.0 ------ where ~=!:lr/r. For an X-ray deficit,f;/fx must be less than unity, and thus expression (7) implies:
r; S3.4!:lr (8) since, by definition, !:lr <r. This is the condition for an X-ray deficit along the line of sight passing through the major axis of the radio lobe. Consequently, near the tip of the jet where the region of shocked ambient material is relatively thin (r>3.4!:lr), the X-ray brightness is enhanced. Conversely, far back from the tip of the jet where the shocked ambient region is relatively thick (r < 3.4 !:lr) , the X-ray brightness is diminished and an X-ray 'cavity' results. The simplifications used here are justified by the simulation. The X-ray cavity is indeed roughly bounded by where inequality (8) holds true. Finally, one should note that the constant '3.4' depends upon the assumed value of the ratio 17 (kT ')/17 (kT). One-dimensional slices through the data cube reveal additional details of the structures found in the simulation. Fig. 6 depicts the density (p), pressure (PI), temperature (T=el/p), velocity magnitude (1Ivll), and bremsstrahlung emissivity (iB) along a 1D slice parallel to the jet axis and through the double synchrotron hotspot (labelled 'slice l' on Fig. 2) , and along a 1D slice orthogonal to the jet axis and through the X-ray excesses (labelled 'slice 2' on Fig. 2) . The units on the ordinates are as described in the previous subsection. Thus, for comparison between the simulation and Cygnus A, (p, PI> el/ p, Ilvll, iB) = (1, 1, 1, 1, 1) on the plots correspond to (7.00 x 10 4 m-3 , 7.66 x 10-11 Pa, 5.29 x 10 7 K, 1.15 X 10 6 m s-t, 1.00 x 10-27 W m-3 Str-l ) in physical units. An interval of 1 on the abscissa corresponds to -1.5 kpc.
One can readily see the stronger jumps in the flow variables near the tip of the jet (Fig. 6a-d ) than further back in the vicinity ofthe X-ray excesses (Fig. 6f-i) , and this may be explained in terms of the relative strengths of the bow shocks at these locations. When the jet and ambient medium are in thermal pressure balance, one can show that the Mach number of the jet (M j ) and the Mach number of the advancing working surface in the ambient medium (Mws) are related as follows (e.g., Loken et al. 1992) :
where 11 is the ratio of jet and ambient densities (11 =0.02 at the jet orifice for this calculation). Thus, one could characterize the entire flow with a single 'jet Mach number' (~= 6.0), or by the effective Mach number of the working surface given by equation (9) (Mws -5.3). One may also define an effective 'local Mach number' at any point along the bow shock as the flow velocity (relative to the shock) divided by the local sound speed. At the tip of the bow shock, the local Mach number should be Mws. Well back from the apex of the bow shock, the local Mach number will decrease and approach unity. The local Mach number can be estimated by considering the average temperature jump in the ambient medium across a given portion of the bow shock. From the 1D shock jump conditions, one can show that for a l' = 5/3 gas, the local Mach number is related to the temperature jump according to: (10) where r is the ratio of upstream (shocked) to downstream (unshocked) temperatures. Thus, from the data in Table 1 , the local Mach number near the tip of the jet is -5.2 (in good agreement with the estimate for Mws), and through the X-ray excesses, -1.6. In the latter case, the obliquity of the bow shock «(J = the angle between the shock normal and the jet axis) has reduced the local Mach number by a factor cos (J, and thus (J-cos-I(1.6/5.2)-72°. This is consistent with the values measured directly from the simulation (74 ± 2°).
In principle, one could extend this argument slightly and use the observed X-ray excess as an indicator of the local Mach number. Let rs be the radius of the bow shock nearest the X-ray excess, and let rx be the distance between the jet axis and the excess centroid. Then the line of sight through the X-ray excess is given by 2d=2-Jr;-r; (see Fig. 7 ). Now, if fx is the observed X-ray brightness through the X-ray excess which, as in equation (4), depends weakly on temperature, then: (11) where nx is the average number density in the X-ray excess, no is the average number density before the X-ray clump was shock compressed, and where f 00 and fo are the X-ray brightnesses from the unshocked King atmosphere along the a) , and (e) bremsstrahlung emissivity (is) along slice 1 (as labeled in Fig. 2) , and (f)-(j) the same variables along slice 2. Slice 1 passes through the double synchrotron hotspot at the tip of the jet (Fig. 3b) , while slice 2 passes through the X-ray excesses and cavity (Fig. 4) . The conditions in the undisturbed King atmosphere can be seen in panels (a)-(e) for XI >47.5, and in panels (f)-(j) for I x3 1 > 16.0.
same line of sight as the X-ray excess integrated from d to 00 and from 0 to d respectively. Then, from the shock jump conditions for a y = 5/3 gas,
For example, from the simulation, (fx-2foc,)!2fo~2.8. Thus, o~ 1.7 and, for 8_74°, M -5.3, comparable to previous measures of the Mach number of the working surface, namely 5.2 and 5.3. Note that the Mach number goes roughly as the fourth root of the X-ray brightness. The X-ray properties of the simulation discussed in this section, including estimating an effective Mach number, will be applied to the X-ray observations of Cygnus A in Section 3. Two distinct morphologies emerge from the parameter survey in Fig. 8 . The 'tip-dominated' images found when hv (where v is the observing frequency) is significantly greater than kT (where T is the ambient gas temperature) are dominated by emission near the leading edge of the advancing bow shock, and bear little resemblance to Fig. 4 . The X-ray excesses and cavity at the base of the cocoon discussed in the previous subsection are undetectable in these images. The filled circles in Fig. 5 correspond to three of the tipdominated images in Fig. 8 -the remaining six (lower right of Fig. 8 ) are located well below the lower limit of the ordinate in Fig. 5 . For these six cases, the X-ray emission from the shocked atmospheric gas is so weak (because of the exponential temperature dependence) that the structure displayed arises from the simulated jet and cocoon, not the atmosphere. It should be noted that in this simulation, the jet transports thermal matter only. If, in fact, the jet transports non-thermal (relativistic) matter exclusively, one would not expect to detect X-rays from the jet and cocoon, and all that might be observed is X-ray emission from the very apex of the bow shock.
Formation of cavities in the X-ray emitting cluster gas of Cygnus A 989
The 'base-dominated' images comprise the second morphology and correspond to cases where hv <kT (upper left of Fig. 8 ). These images correspond to the open circles in Fig. 5 where the temperature dependence is weak. Thus, density variations dominate the emission images and the Xray cavity and excesses at the base of the radio source discussed previously (for example Fig. 4) are the predominant features.
Perhaps the more interesting images in Fig. 8 are those at or near the transition between the two morphologies. Basedominated images close to the transition (e.g., kT -0.41 ke V, hv -1.30 keVin Fig. 8) show the greatest contrast between the unshocked and shocked atmosphere. From images such as these, it may be possible to map the bow shock of the radio source directly. This will be discussed further in the next section.
Tip-dominated images close to the transition (e.g., kT-0.41 keY, hv-4.1O keY in Fig. 8) show the contact discontinuity between the cocoon and the shocked atmosphere. A contact discontinuity may also be described as a 'mixing layer' since it is here where the hot cocoon mixes with the dense atmosphere thereby rendering it visible at this frequency. Because such images effectively isolate the contact discontinuity from both the atmosphere and the radio lobe, it would be possible in principle to observe characteristics of the mixing layer directly (such as thickness, Kelvin-Helmholtz instabilities, entrainment, etc.). However, observing a contact discontinuity in this way may be difficult, if possible at all. For example, for Cygnus A (kT=4.1 keY), one would have to observe at frequencies as high as h v -41 ke V (v _10 19 Hz) and with a sensitivity at least five times greater than current ROSAT observations. Alternately, in order to observe this effect at ROSAT or AXAF bandwidths, one would have to observe a source a factor of 30 times cooler than Cygnus A (and with comparable number densities) and with a sensitivity at least 30 times greater than current ROSAT observations. Complicating this issue is whether the Cygnus A jet, or any active galactic nucleus jet for that matter, transports thermal protons. If not, it may be impossible to detect the contact discontinuity in this fashion. Indeed, this may prove to be a valuable observational discriminant to determine the nature of the matter in jets and lobes associated with extragalactic radio sources.
Because the ROSAT curve in Fig. 5 follows the monochromatic curve at hv = 1.2 ke V very closely, images generated assuming a ROSAT bandwidth are virtually identical to those in Fig. 8 for hv = 1.3 ke V (with the intensity levels scaled by the bandwidth ratio). For an open bandwidth, all images are base-dominated since the emissivity gently increases monotonically with temperature everywhere, and no features are significantly suppressed by modest temperature differences.
3 DISCUSSION Fig. 9 shows the ROSAT image of Cygnus A with the contribution from the underlying (assumed) spherically symmetric isothermal King atmosphere subtracted. It is similar to Fig. 3 in CPH with additional data incorporated. Radio contours at 327 MHz are included for reference. As discussed by CPH, both lobes of Cygnus A show clear evidence of an X-ray cavity near the radio core. In addition, the eastern lobe shows two prominent X-ray excesses on either side of the cavity. The western lobe also shows evidence of the X-ray excesses, though the case is perhaps not so clear. Note the observed X-ray excesses at the tips of the lobes have been interpreted as evidence for synchrotron selfCompton emission (Harris, Carilli & Perley 1994) and are therefore not comparable to the tip-dominated morphology discussed in the previous subsection. In addition, the excess at the centre of the X-ray distribution is associated with the nucleus of the galaxy . Evidently, there is strong qualitative agreement between the calculations and the observations: the X-ray image of Cygnus A has a base-dominated morphology as expected
... the lower right corner of each frame. When hv ~kT (panels to the upper left), the X-ray emission is dominated by the widest portion of the sheath between the lobe and bow shock ('basedominated'). Conversely, when hv > kT (lower right), the emission is dominated by the strongly shocked gas with the largest temperature increase (,tip-dominated'). Note that the X-ray emission from the jet and lobe in some of the tip-dominated images (e.g., the panel at hv = 13.0 keY, kT=0.41 keY) may not be physically meaningful because it originates from thermal gas used to model these structures in the simulation. Whereas, many radio source models posit that the actual pressure within the jet and lobe is dominated by relativistic plasma. The dynamic ranges of the images are 1000 and 100 for the tip-dominated and base-dominated images respectively.
'-< r.n . A grey-scale representation of the residual X-ray emission from the ROSATobservations (135 ks) of Cygnus A after a smoothed cluster surface brightness distribution (isothermal King atmosphere) has been subtracted. White denotes an excess of X-ray emission relative to the cluster atmosphere while black denotes an X-ray deficit. The bright spots corresponding to the radio hotspots are from synchrotron self-Compton X·rays , and are not accounted for in these simulations. 327-MHz radio contours are included for reference. "' " s· ;;.
~ ~
~ from the known atmosphere temperature and the observing bandwidth.
In light of the discussion in the previous section, a more detailed comparison between the observations and the simulation may be made. First, the X-ray cavities evidently correspond to the region where the thickness of the shocked ambient medium is more than ~ 25 per cent the distance between the jet axis and the bow shock [expression (8)]. Secondly from the X-ray data, one findsU2!o~2.8 and!",,! !()~0.7.2 Thus, from equation (11), (j~1.4, and from equation (12), M cose~ 1.3. Thirdly, if the X-ray excesses are a result of shocked ambient material near the bow shock, then the angle e can be estimated directly from Fig. 9 However, in units of the surface brightness of the central core of the King atmosphere, the total surface brightness of the X-ray excesses in the simulation and in Cygnus A is about 1.06 and 0.96 respectively. This would argue for a slightly lower Mach number in Cygnus A than for the simulation (in which M j = 6). This is contrary to the suspicion that jet Mach numbers of 10-20 are required if a jet is to remain stable for 50 to 100 jet radii, as seems to be the case for Cygnus A (Clarke 1996b, and references therein). This intriguing discrepancy may be evidence that the actual jet is three or four times wider than the diameter inferred from the radio images, as suggested for independent reasons by Rudnick & Katz-Stone (1996) .
Finally, the entire bow shock excited by the expansion of the lobes into the atmosphere is clearly seen in Fig. 4 but difficult to detect in Fig. 9 . This may be for a variety of reasons. The data may be too noisy to pick out the subtle contrasts observed across the bow shock in Fig. 4 , the bow shock may be relatively weak particularly if the Mach number is as little as 4, the atmosphere is probably clumpy, etc. FutureAX4F observations may help in this area. Fig. 10 shows computed X-ray images of the simulation (again, with the King atmosphere removed) using three of the anticipated AX4F bandwidths (i.e., 1-3, 3-5 and 5-7 ke V). The basic features in Fig. 4 are all intact (Le., the cavity and excesses), though some subtle yet important differences are apparent. For example, at higher frequencies the contrast across the bow shock increases -a trend clearly seen in Fig.  8 as well. This is because at the higher energies, the ambient gas emissivity is falling exponentially whereas the shocked gas surrounding the cocoon will be well matched to the bandpass (e.g., Fig. lOc) . Further, since the angular resolution for AX4F is anticipated to be an order of magnitude 2Note that according to the definitions of fo and foo in Section 2.3, 2fo + 2fce is the total surface brightness of the unperturbed King atmosphere at the location of the X-ray excesses. Evaluating this is straight forward but estimating fo and fex. separately is a bit more difficult and one relies to some extent on the simulations for this. Fortunately, M cos () itself is rather insensitive to these values. Figure 10 . Line-of-sight integrations of the X-ray luminosity of the simulation (with the contribution from the isothermal King atmosphere removed) assuming the inferred temperature of the Cygnus A atmosphere (kT=4.1 keY) at three anticipated AX4F bandwidths: (a) 1-3 keY, (b) 3-5 keY, and (c) 5-7 keY. While all images are base-dominated, the contrast of X-ray emission across the bow shock increases with increasing observing frequency. The numbers under the lower right corner of each frame indicate the brightest pixel relative to the brightest pixel in the 1-3 keY frame.
better than that of ROSAT, it should be possible to map the bow shock in unprecedented detail.
CONCLUSIONS
A three-dimensional hydrodynamical simulation has been performed to model the inflation of the Cygnus A radio lobes within the cluster atmosphere as determined from xray observations. Good qualitative agreement is found between the simulated X-ray images and ROSAT data. It is demonstrated how the radio jet and lobe evacuate a cavity in the ambient hot gas and how the compressed gas between the bow shock and the radio lobe produces X-ray bright features. In short, this calculation supports the earlier contention of CPR that the X-ray observations of Cygnus A are a direct confirmation of the Blandford & Rees (1974) model for the development and evolution of extragalactic radio sources.
Quantitative comparisons are made between observed and simulated parameters. These show that the ROSAT data of Cygnus A are consistent with a moderate Mach number for the jet (M~4) and correspondingly moderate density and temperature jumps at the working surface and in the vicinity of the X-ray excesses ( Table 1) .
The X-ray appearance of a Cygnus A-like source at other observing frequencies and for a range of ambient gas temperatures are generated. These simulated images show how the observable X-ray features undergo dramatic changes between cases where the X-ray brightness is dominated by the density and cases where temperature changes are the determining factors. It is shown that future X-ray observations, particularly at higher frequencies, should be able to image the bow shock surrounding the radio lobes of Cygnus A. Such an observation would be unprecedented for extragalactic radio sources.
